


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1999 


Adriatic Sea surface temperature : satellite 
and drifter observations, May to October, 1995 


Vogt, Jason A. 


Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/7857 


Downloaded from NPS Archive: Calhoun 


: Calhoun is the Naval Postgraduate School's public access digital repository for 
th D U DLEY research materials and institutional publications created by the NPS community. 
«iit 3 Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 
KN Ox appointed — and published — scholarly author. 


| NY LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 








http://www.nps.edu/library 















“i Soap a a? 
edad 16% net Reo osés 
oie ee 4432" ate see Cyssdarr shh 





















HaN DED Fae of mica OV ape 4 
ek sihatesiats 


aed 
:— 
ore 








i 
































(ona (48E Hip 
tb Shas, 
ay und iene 
Cake beta Ee is haidise 













Rriet 
tf + 


Betyg’ t 
Reeaeage OT Oe ey ae Li 
Hoe Way dade RET wit abt 


i y+ a ag : 












sited etl: Sigesdt 





ae 
tineon et aias 
a PN las ’ ric 
VaR ig oe of nfs Gad 
betel + oA A sed GIB esse 
a astiees 














ie and 
a Ae iba me 


ws 








































iret 
17 at 


Qt 











a) td. 4 


‘ 
’ 
yen Ah ite ts 
( 

















































































































































































fe 


4 
Ha ere é ‘ 4 ae hid ieyee : pen f hase as sha 
' saat yh tt 1% Ue Mi hk ore : Pena i iti ri vd se 8 ay Fo 
iy p, Chacp ee e 
hey ain tah a iv if! 4 H had reals shite gy ane Paehotese 
Tiegh fe a aoe pith daeieies Said VAM ea 1B as. 
eras RS aU si Late Bi me b Mae Taree ash aventdls tay lets edad 
se | ee aes eer S ae aT isu Daa Ag ra abe Suey Geeecta 
att tees aR aways at Sy! Cea Pere tgs at ay OTe ie, yes iF agiedas a ce atnesy ita Wifes “oH $1 jver fs 224 ep yendy wag shel ee oe : 

Mt vute sh bf tr fen ee ve detebeg a at 2 yehay Ph | pevedet ght § H tee Nts Rabbe 4, on ah ef cnet rear irel ae 

iw ape ehey 2 BO Se tee 8 ee AE det ere aad ella] ante Vpage Fae att Spee 1 bab Ded Maan Sie ay v pep hor tbs ate : oF Seiaiar re rita wed 

WP Vier tote? A teeeh ty MER ty tyba} wr, Onn, wool f pened eit #aty ay 4 a gta} # Piet rite SRPEPY } Peay ts Eg Te 0 He ie Peak bina te - Eta ee 

» w q . * eae D 1 Firs z . » i of" 
en ita ee legen al vate F Ul ba Hy iat erie, re ele Mente H stig! ss aust “a eeetat eters is Conran Mee) Px por yt weet Paes 
A Ae ae PO aga ee aL Ted mf whl ee, ATi tneie ois dale SEHR TNT 99 Dee Ae del Ae4ed tad DL Sheets 
Kk na aera eitti eat tite OB Un ie ohaceanrttbintian wich ata seuss sea 
Bintan Syed : ‘ite BAT 14aye QUT ET det: y bear ae ‘fioit 1 4 He ty 2 ‘ ued h phobias: ; I itt Gers ee e arts ie seen 
Ray ead ra ee eae er rn i Tee ba UN aR atta Acai bet avo tie. a tan Frye 8 rate aA CaLPAcn tele oe ett Macteee ste dr 
liees pt 6 Sa Ue i eet! HRTEM OM LYE fan ty Oe iyasa ais iF Satete! Mob ctrectcaee pt ies ‘ Tee tas: Smet ee sgn Pay ee 
ealiaaunaanh ‘ ‘ an iS bais, Ee gee a én Saat he Hiei dee Pel 4 ore Ba ree shit 4 Nab AnD sail! As 
. eget wets tose ie te 


« ‘o site ete Oi a ee 
Fad sale bees} ty? A dchedater yest ee fs i: 
















































































































































any ise we oA 
, ' iscieeig th hie My wade pee pUitarp erie oF ams 
aeRO Noe aaa of pea eet apie aby ety anit a Cait care r Weise ates sitesanyl bY iw sty Non a5a5 6 ee Phat 
: oe ‘ : “ 7 4 Fae lt ag end Oa Nag gyeSed 201006 18 tats : 4 Waitt 4 a Mom 
‘ eT Ywaagettes Hegel Tha tes aah @ Forte puri sdaeg? yarns ahd pee re hedging oe ls be Bored’ 
, : eT ‘4 ets phan toda Ue att ar) Vorduint Betas Petobet Soguteeaee 9 dW Fillets ; hte ha ea Vet gO [eee Add dei fuente vee ve A cpoeetety bd Ee Owy 
th ee Pie: P Nea apna: a Ey ri er N . in rea Sei ** Rta i oat *. Hey if ne Raps 0 eg wal she oir if a weber ad Sy a Seay ids vy ayia weue* so tes c 
e* + 8 eb yet , ta cp Aebanes po ebet ee Fy here Nle’s Vitasees \ Is rr Re hae pa " sherpa . sas Tese « | ae ‘ SenaSea che Ge POA eeP thas 
ii ee neg : Deve ne ne eben by steeds Seble hey sep aed Pee dae Rt 4 ui : ie He atthe te we au tile ii 1 ahq! ‘ > ahsg be ae nh Sey pp a by witet b Neth 0B 
arte fees eek Sy ap teg 2d vegane be cae ative VOUT CL OL wegte 1 ble aa basal Feast ale ira hyy ign etn ie sea saist ay Seged ph oF pe EE obs «4 uly) tet Bo VA ed oft oto! 
‘yee ‘ Bar gieadh.d bres a eh anes reall 5 4 ar cages Mal Veg he aga Ps Dat mel Eulew ry he viz behesen Si os eal ob aFoga See 6 Apa aS raten vtate 1a 
"abcd pgerhesap es sty ie ‘ My cece aieihee 44 tt} tae a keh fe ys Ve Sdn OF AME tee ete i ata Hp edt te Par <2 ded pene 6 ot Fit atoles” Pabeei asses 600 gt pton sae Sra) shasetee ONE 
* Lee Wee ote TE MR Ferd. Sedu g ke een be vs SALLE Si \e tidal fn ied 1A Op frarp rd gac ys ' abe RTS eerevist tapas tee ‘ eke . 66 OF se abs ‘ides 8 
fw don. t yg Uae? 6 Aang ob fre ee 8 ggrate b , teat e “ Ay us iebiyey ah ibel be ocmeis ex ery) pie Jap tuleata sk seas’ asadih J betess! pep ae Aiea Betas Sears. Secs id anenes eae a; oo ve baat 
te Meptady vogtgrebag ty 168 h Berary® Tieay, re gs) 2 9 tt is Baua a isda A sighed ed paraceans a Mabel yt 40e3 a pUsat Asher Sy laa th anal ead are «af oe athe? ony. 
fe Beal Dawe Uasabe laa Loeavises Seves eres, indy Saye: ef ‘ad tbseseSapsar ie vicige ae inte at rieishatw ated Ghat behederaseart 
F ne a an 4 
; hea sPytdageelea atatgeeS Bescqz 1¥p she ties cet merece cl Oe i) 





gfee O. Sigata very peor a abyted rated 0. Sa sseuuce u8 ae 





eh Socefmaregrar My tiee yeaa et we ew] ot nan bat o'& of uw chhned 













i 
ars ties ba eahe Se sd ‘ 

























































































































+! vs 
"ne wd by} ase theatres rt st anys weedeat piaaopa Maids sate Hanes - SE eM mbetede Ab Weve bd ay dwtedaes tenad 
Be i TR tt TO SLA CGH ney en Bo iced aba tot wad Mester nisae Fa ara sbeisinl er asattise Pe N oh pe 
ay ALS Cao ty! We SOP Oh Gt ha AG ore « ery _ 
tau rsd A Pt ee t - mintatinthed fe és c at taeaiil savy: vantyea Pweere Tierra Mbdaa “4alede ad. i + r see a AGS é Fis wie trond rod 
a rthees + obs Taructaen 4 , A sles ae. sees Ped sta de hihy® a tates bata gre Sereetpis Cathe be : Prye Pts re pee bak ¢ 2 tL tat Pet a Bret 
wen Bye thas og Ry ST pray oe BED Sa oad Ca snes vie age i Reid oh by ads awa wy tat ig etels 2iph-Vyounenwe aba sebaaets 
i ber ue , « 4 : 4 ‘i .. 
0 ° tel, oe a n* pe s,t be “ie a 4(s a “ed iittala aye ae Mike Tas ple ani cy head pisiecer aye 
Riecbegn ones elas : i ar ‘tis stern Fy Epa RY = ahar e° CENA O08 | pas o8 ter wn eas sedate: Apcate's oaheset baowee La ee 
a t es P 5 i a rt . « “4 ate ‘ 
anauzice Sein araee ie A alt, ab MQW De Spide-a ten ag! 5 7 weit tre bM a" A eab oi asie's AEM NG ei dalid itee 8 o Sisk nde 
A Barer Merrie tees Pept OE Oe pe ale ORE at a egies itd Ha pr ohne Slee* Tgp ate ah nai ad ob ebb a s i0r8 MBadel e2s\ tabs deh, ina weet kates Fe*agas belae sigh 
HG sae eter Saccdegsi seed shane a Ps Naddtes 4 habs th wg 1 tes tates GO Dih a date ec roy elm .re.wSe) ated 2. regretted Oh hy 12 


4 
eb Awe Ty, aes Bt dye Bee os ae uns ge Med 
' 


‘ J Mh, 
Airve ate te rehalyhg es } ¥qt eye * en Peaedateterat re he: ae “1s ausenss HM op ven hietay 





tat 






































*, 
ay ean is Ute fat ty cers ph it ge eshte. tee i oF . twanaeet Ty Pict 
oglate ‘ Betta daeedas Loo b8 ar mere At 2 Bes is 
‘ ‘ aredadad gta Pdvdign bt Pat) 
paqatiacd <tans a es. “Tatboepsbated tee. erste bee dtaet Speer r aerhront : Bathe 
hea sted nate aga igs Thataee QO bat as. A Nee geayed Sac Fa? SP ober oi 1 otgtess wee wate, 
erg te dige oot nfe nets ian He 7 ee 


sedated bes eds we Tt rer They 





etiiqet 4 ede dado ebe bt rea Gea Os” Patae be 














































































































































































































































































































” 4 "ah. Vie ed sOliytaksig Whe bef25 sespot osetia Man awe te 
BT egtets Urtob fous Uh oat ape tl aide ' Lee He Sidedeets £ tae Shy they ale ie oe spite fates eae, ats i edaay “0h aes 
tb Macatee Felten 8 HB ce neg er ete es t a Aad Tue ese Velrgtedsts ai are l sy a laldytatew Le bag avihebis esate? 2 Va Gatarte Cid bewate-be oo dae 
thee bet tege wet 6 eset! Tat at} X ¥ $4 3 aes Siletes Pareto. YU PU Per hie oe eee De ey a a eet pey taunt ve Sateen’ A laa a ta! o -0 tet phgh ue MayR” ome 
ir taayyeg tee ok args!  Aedead tyke vustge gh wand aa oda emlre sens Sa vetnucen gh sth, ta Shactede flog aoe sD otat odbe rein Sd6 tte ea ciat mtg yexanece an aa kt! o 
‘ re es BY ee seeped | aye per plas fer t me BL me % speed ga st ate as Veg bee wregeas tae Setar & TF eseuengitelec Gnteteash de A ey i ‘ chet: 6 “VE ngsh fetorwestccy” 
cy Py as Rooyen 8 , a ee NM 58 anges af ’ % seogtst a el H vatt Veoats jet itary Weedsa ide ty vitay ates As Meer raset he we Seat sab Sait» A | ‘qowky ardirge fia bate edad ais iste aedeat:) arated Spd-@t Won 
nt Baas Vitesen | ah Mobeedas gage 8 or A vadebas ets eect pnainaGl Teo ma} Ved news A gt ‘ adhe cateag borat. 3 sista cniee obager: 4 Ly Ge veoh we te! a tea etn ae ie ety al wget | atheiy seecenns 
' Sear iat neath Ned Pony ite ay “re a ha a bengdes Vater geal ve tg 8 aA met ary ee wide yu day Maps ai eS n' ae orl ee =f rs oP aD Bedactrchees tree hs asthe Page, ats 
a Siyete 9.8, o8ats rbiSaX pea rary ¢ catat CHT vee , re ‘ of) rth a a8 an Uh ate Cals ts taper tel {Aah od tenmog ry cat ayy aAhe sath tbat vroydcad hardin pas nbyy at A vSate nda ty 4 Dab gte mn pater Hab. 
digei« eb au sed sald etee Hod Adee vane vy git: jit ‘ a ree ag at 1g las al te! Bory etd le pitene ben acaae tage omy U waters re rte ete tabadsty se ethan 
o8 Bett dgs 2 6 tee ee rs | ee ’ Ash ee ahs Me] Wea t Sete Uephed a. agi Reytaa Pep ee $ “t TaealRahe he cache fhe ® Seateee 
iat a sa ye oe HN, : “ ae , 40ly seh serssietsteperbersead aie: fn ES ete fuel RAD, thd ad, ral H 
BO CTS ea eet “tie FE cee Htid,- Mt, to a PIAL Copia perael EL et a EN: ge ae eas See sada ee ef aidads in 
‘ x nee € fa as n S¢ . ugly dae 4 ace * 
asvoe wa 6 ase spud “ teides vgued int waand i He Ae ie ae a ena aa aye Savane: rie Cie tad itil, pert Po Sern raed vd4> 
Sn qa 6 get oer tot a EF oot Se te uanels tet eimegs f metue sivh” 5 ney rete ne 
s ‘ ts 3 7 al pean oe fase bens avs 2 a qomte iat a' ae 
i he Arh a ae) amy ; Qi Spe dala eit Ar) . date © sty dubs corti owts 
nae i ahem - wound Fi it teders! a ated lays ata ta tote ht brah pire creat er be 2 Mates! Mish toe? Ly Purest aha ‘ne efven’ id? 
vec § ate te vonets ayes tees aaa belvarhy BASSAS vate leental aXe barn tevade stan: ish ch: Nasr 28 6 ae “yt atntea le aebule 
aly “ oe hat) AGM i 3 aledere ee and wd Vi EAA jaan de vi Tedd edad) ae abadas Faia ipsa Way, snare = Ba vos Sytehy ips ahéaye % i'e* ca Spelt green . 
eater Ns ty et OE d date vttyed nane al Het C Lepctae a cats ehOidtaks wiles hk epee Bret) Sa eo aeehe ema! see iene ooge Nes sidle 28 a4 ved ee rr arene 
ore qra ns it; we a ta he Ms Penal? ad: i ary ; te e Tahoe “i Ware B Peron cars Sais sve Teh a cg tien beet Meee Texan tia et aide Pe athens ye’ we yvet = shalet sancoriga “a Saaense” 
te aie es pat Sinden, insitd Beastie hy suit, ded date aSbinae? 4 sgt dee id Seng hy "4 “eae arné ow aly i apes es iy Tete Lit ete Bat : we cod as 
’ YT a mil? 4. et hare Blowtae * 
COTE Ty re WY Fy dy STE EIN) saluted a Beto ldaadgag ce gt 
’ 1 RS wake ne water if 4 ‘ Vals stare ’ ay a A 
‘ ’ } oe o'e hy ‘ ataeen ry iy | K ue oan 4 } ‘ “34 Rae ue : Tae Sete ta * : 
es 2 
pale Cl eg UE a mht arth rey, $409, yee Phage s qty sial saaedsle bade be 
qt eeriea tick: ; erie ake aed aa Mice Evatt ia Set a 
on” . rd 4 . a ie 
at wae “as te i i ae tatty ve etter Cae bite Cape Ae Geto gy sed blyoigale igen “4 teeta etes a 









athe: owe" sng ot « a Sywendds sone L 
- maiers ate ‘| aif 3 Edict gb byte | 
ssa lqontstecsted “ae min ate ‘ 

4 D Be Vatetae cay 

ry ote Me bg he 

creteatter St Seht 

V awa teos nas elas 


Be iain ew 
tabs syle 
‘abn $2.45 » Yew, 


iia tena Ne read 








Le rt ta oust or wadennd’ np 
' ? 













| eas 
er rat of HAO CIL }, 
Sebs acy’ ge att of Fetses 










































‘ oe gt saqoy odds oh ane 
sé He we te ete ood as 6 ata 4 i i s 4 
H Totes at des “dda oi! Wes! Me tavieahe! ate ; Jann ba Tatens a0 saly ae 
ayty’ tee ter r ehtonn st bre ~ ae 2224s ety Fam ahem os 
tatty cet Fg wedpat MN betel o Maen BA 3! a ee wdag a VS AMROt? obey 
ebb wl bebegl Serade ch beg ‘yes a & ahve daokatet n 4 
Piven ee Pee ee | et ee Mb TATE SEO) Led tb ag deg smevsn rn tame ys Baty tg 


























fey ws ehPMys obFalpog hd tafetgs Hidea ca al oe pe oo) 
. dB erage’ tede Deqc ade eee gtr hy @he 
) ‘atgey? ay 908 es sey ou Ly 
z tele Chae bE Og, tet ata Sa-fopiys 
OP bg tat grqade vit Be keee 
a? ee 


ry ae td Biel 1 
hfe ohees atahy’ ¢7 i be 
eres od PPP 


er 
teens ‘4 


































: an’ ahrety® 
“aedue te vee 
“its rrenta £8 gras 
chan thy ae ove 3! 


Tyne te re Os 





gy htaly Ny. Rate | litdysi © 
’ 
oa t afae 


‘ 
taste 


















oye ene aoe 
a oe 






. ’ 
e aes 6 ts coma go t*tat. 
vanr?age : 














a © se ate 4 
















st haa, “Fee * a 
Yeo 3s om « *aMe 4, . 
i a tap a ee Me pero grnan fGA 3%. ee 
' t Ags fas'é és 






ry “Ae state’ a? 66 
tay Hess 
Bin A 








aah 






A= ew wire 
cae e-90 


oe 












58 


ae ee DP 








a es 


vo tan 






a“ ig td oan 


-@ tae 





Not 














ary 
se 
os 
x. 
date a tad er 
shetees ahs ‘ 2 
ih Aner hh Ete be) £: 















Pn i 750 t! Why 






operate he i v yell 
a that gta as aff p14 af 
Fa Sy 
ee) oe ee ae ees | a gh" 





rege p eregar gees ge 
Cer chasers cae 























Paee = "e"e" A tare e's" a" 4 
4°56 "94 igterar "¢ ye Prot vee 
f of areng?, * M 
lege ge easy. Pie PR PE, i i patente grate 
Ze cee #4. pe eer tial c,d ead ie © gave 















ie. 7 te 
t ", a4 die! ad Ma het 
t aaa 2 @tee 


Uptown FP stecR I we eee Wt ate? eres ens) OER rte 
dratery ert apa ky oo eulye gr cbora® g pg en area 
: toMy tghenh c6gra yr acgtat wis Ma eS ga eee e 
Ki Ae Stan ihe Resa a ib ae 














gherghem 
al | 















2 BA qha 9097 1 Fg" c= 
“eS grerg?s°esena? "ate" £2 Ve pecesis re 
a D940 2G et ary te”. “te verte wg wwt 















Raaraig 


Src as aeet 






















































































































avsety ¢ % ems Se 0° BSE EN 3 anges = Pat ve ete ge 
* hia Saeed: bh 14 hae eC dc. 
Priersre * wie yng an gt By ie” & 
reig tet retake: pSetitce Ble 8 SF Cory aren 
2 * pslyeg Simhat ee Eee slug Atarre'w =~? *$"2 xy, & ee) 
: 4 a gee nee: * aFe bs etyrat sy vty a get Ma ent’? 8 4) PPAR LETS ih heat ORC Se Ee Ee Bd ri’ ee A, SLO eh 
ti a Pa haereselgs 9Te I tht? Pad bs eb tol a hd = i ie ener shew Pa Meth ites rare Pe ase Ue Ne 
Sy adie etene Se i ‘6 ah. Pa varatgrat, hatgsser gree. ee reysge eran goreg 5 £784 wets ire renee 
at ¢ t 4 ‘ oy | Cag SSE a baeg tae, 0g aye, o, ad tenes id see 3 io PS ea myeg? in.sge a were rere ses 
4 et : Lea at Le tC eheeed 23" 3 tees Wry Ws ug UME O-6 px opah py 
i sre neard * ys og! tage ‘onpeytar,* Moe : § ate ear eS ed de teeta 
“4 ees gh i ¥ ti eesteiee eee ts i749 aye: ot ‘ f. 44 rageery +, ee gt bie Ae Mtge gene g esq ity | meee t nee, Air ph Lat 
te pie ah ae Ie PPG Cee ML ern el Ci ed a eeae t pe ea Le § Per atay he Lia in vee ives graegtc's arg ear yey ; eter tetany te "el giorg ga “e@” ware ig” ¢ 
‘ | - : ‘ .¢ at 408) Ee nee . : 4 oT steve Vater rer fi phat weston f Grete tee whpta ty emt 17a nm Feb OP iseegyr Fe 
‘ ‘ 4°: ? epee sate yg gt ghreg pasties corn ; . state iret y ie Foie dL dist ak ke at tatpsat gees A ~~ wcaasinat amt t eos owe 
or ay j Peat pb tor pe geet Oy Wie : tt ag stacy abate gs azyted “; ont ait res bite ae 3 BT he yet wh eet Gab vqusengoareegt mary Pere ats 
A. oF ag te . 2 * . a i ‘ ‘ E i Ae nue oe ay . 4 fi ue 44 Ste ae ot eat faite is peels it Eretz eqta eset sy Pitas be ie he 7 rast eee ‘acy hs 
qe ‘ mite ares ** what caenand r ‘ {, UE i ae gt az age PA ee Maas Bag Cog Hh 588 het tg re ® Fade 4 Wea ahs “erly? “« 


“erkte em, 'e ryt 






“4 

















as s ures E we gte 2 2 ‘ fe 7 ahr ny 
‘7° ¢ ‘ a 






™” ats ne 
+ ae if alee Het ob 4! q )2e"rrs ¥° 










































‘ ‘ ele et eyes Tac aay ark, Rie Rises bei ae 
Sane ‘5 fobin i , Hee ty! taintetaeg? satsae eM ba ho by ee a $08 8G ah BINA se fatand- ee 
re May eae? | fatg 2 wore erg PePhy WECRE ISR ir errs uae alee rap WE “ee gt Peres td Ah cat bet ie = . 
errr 8G he Oe Ue Tats geeege Leramer ccgtm Fos g thay s4aees ata got om res aiee” ’ HA og (va Bou sy? reer seg" Y MFR, ESE 
rey om Pt oe? ie er eg ft + Sra cnee rim gas Petgien eRe Midas | ys th ibd bike oe ay eran, *¢ I" EB oF Ger gin cee’ ig 
, 1 ' fae Wee ' tte ai . Pech | \ ‘ “ H i t é aa t f nq se vik raat oa Et tqesig satay gy} LY meee As eeee yok thet era Thay s “8 bea hd ratty beh agza ty tye' 
Serpe V8 ji wwe se ea rete Hh Y 28e bg hbey t ‘ f ! ‘ = Te Le Peele eg net + ar AY bet Dae wa MLZ TO) Of ge me Ore a eats SPAN Dera g Ae beeen), -g°@ pat tie ert 6 A : 
st ‘1 ‘ ate tl i oe ee A . 4, of rete =e berrvace we Bie trteuly ay tor zee eon atte set ei@” say SIA GSS RIE Kear OP OF ee ye eee o* rrrhgtaty oP sab rans $oy-938 % 
sages VY he eee a et Be) ig 7 * . apa It ey aot oo ry sey Phd tae Syebrtane's Paty Cae “ht ea ay ie bebe eye" 479, Pas SPearatpedeoubap gdeeanye eae 
a $ > ‘nt ee . 3 var ot 2 ~ ie 
pret hares akg oa ne ‘ plied gery quae eatery aetna g78, * ramus ree Fy oe FEN ARE Hor viptebenans We C88 de aig geet cue 


uly: pea: fog fu he grat 


4 : ae ery ron 
a ee ie ee ee ee ee 


pao "94 pre 
revtpoesens ae i 





hee Hy Odes oy 
% Pa 5 hal 









hat Cy ts 
sae w yore Pata emg hn at ge 9g ei greTied ie Te at ore Be 


Pe dd oe a 















































































nae tad; Fetepe eat Pere ttiale iis i 
Le tycjactatare eee b ge jet 4° ams Tp) ats ote a frenedoaces iad peaks eo ! . 
8648 11 ps ihe Sy gsnetn * eth oP ya 2" pe Lpraea rg erates vatetary-as "4 j"a"g 8 tam rece fe A 5G ok Bibel, dpe 
et pd Wa BL i rigtge Pas op hary Asta bea We? 9308 eyepty wuctesesd tech mPatesyrns feces meh ea a we aT 
ae teint? a Stphinpr6 ete ‘, road ‘g pte Fd 00 9 Sees ma cpee-a saree! ? 
A “ Bis te grand AY uate Meelirg stharnie a ae 
rae fp pent mae ee eae Tat lgctetea tone sae ee 
Ing ba vetst er aspen #7 0°} ke Haren op 374. Nf; pamatiay bee Pibedgeo te Fraps 5 
: cee ra yet e%2y 6? Ja al vy yur aw 4 er 4 rane oo eMedia Ca LS 7 ¢ cr et "eenree*. 
rn 


‘ 5 pl tat y rt ra Pee ae ee rears se"é 



















aris emg Crm er, 
































































a) Tag et pied Lp artrew et ati ioe Sy Bebe DCA Wa, 
‘ ee RY : ARS ae RSLS PMRA LAL SEACy te bead MC at ee TR BO a Ce Ld tg Ree pret Oey 
ay at helio a ay ree ov} Maca ep gte ate dee eek ee ANTI OTe ore roan iar be ce eke Wk eee Seperemmneey 
celery Per t-4a ‘ ee Serene oatiy afeue si wtiQe epirer et Sd al 2 bee ee 2 cele ens whe to: oe 5 
Dead etebens © simmer fo rast ’ Ray esctw ea Qe 5 ‘f° 4 thy 'h Meo rt ate as ante ap Te be bed Ah eee he Sak he lepee da 3 Cha ee alt at oe bem td 
SR bag VP nees tedty ; saticn Rye PP a i ek Pash O78 tgsa® 50 38 oat By "Qe “Giese PELE a eM gry eg te? M8 Wate 
Vit Btbegtesa , FY 08% fi Pri dek CORLL ad et Be suBtee Otat (te Fg fete rata 









2 tn ¢ Be BLP SS LT ae 
faye te § ghee ped 





f 
saree 23 Pett pep Dv eErQras gy Pe ETS 
é She a Fe Ste treg *q- Bk ep et beded eh bee be hei, we Pk a a J ee 
i be FPO gt ap Paeatotarea rh MTT hai k AG Datel tte Rpts 4 ek 

a: mie Cty se Sy ces cee ser ony Ore owe tm ez se 792%a Mer 
‘pay ALGER ye oo UTNE Te ls a Bi ok 
cass Fete ie OF “aes i i Medien, Wl » 
va yma "3 7a8ce hada ba bade ka torte te birot on | 


























to OF ah Faget 
rida Ue entid 



















us Qua ft 












































r7 ay Min gh Fyre rath “ars me rtd Pate pte vat Y th al gneeres pak Sebel 82 oe DOTTt Pee BIS 
Palit bh SECT han Lk ip phn ut at Ieee ae EP ee ae co SR DE oo yeiere 8 
wal pretest tee ete temeners trea oterezy it : eta=ats £62 the Woke OP Tee wR 9,00 eaeTa -a-9™ yo 

5 ae oY ; eth 426) Ri Sins { setae y a8 reise Maaes®, 7 sig? 9 ‘ae cra 1 Ide bt hey yates & ~w au ome 

a pret henily addons cate uty eRe t Lire beret See areg ores ee reat aa aaaen te 





sf. 
soe tgtacete ' 
at 2e«% 2? 





agze™ e $48 2540" ys wf 
Reet tihiee ne menen ware 
NM e721 33s te hed ee dees thie di. 
on ale ee ee ater. 
i ehry wd eh te 
2c Pat egeyre : 
ney Teese pat a saSivyedse 8 Aoepune-wevena yrs 









Vey Peat os tote ied Che $4 
PR Sbeat had ed Gl i PGE | 
te ergs fenny ete robes C) et he ey a % 
vine paulrgbrodag- ave bash tad yl eta o tae 1422 rf ; 
4s eer ea PY ok ar Ms hee a a ek a 
5ea% +44 aaht 1+ ees oe Barbi 5 

42% 5 eter 


Wesae gids Sey ees oral! 
‘ poh eke Phe c'angtiee 
pie phage ie Sighy Ef: 

Fir AY SAS bed | te a ode 

~ oe 


















Rees ote* 
facet rh bg ist rer fa) 













We, 









































' aa ied ee eas 
. 4 set, Ri ws 2. ‘ Salt Ra shh bar Pade Bi oe, brie dh bt ahha 
i. the tags 4 eM Sect iy Sfp dey seb ves aren Se esceleeied haan eestor io 
4 “ . yh Lat I fing ro aan Pe erate “exe* Spr 8 dre manrten wot seer 
o- it} : Ze Sener Paes ae a SiStararieareraneester 
i ie Fob rere eurirett-rl are cer st . Pies dse: bea ae 

pee SEG pizewrareed rit rade Filmer st te ae owe e 2 = Ka ft 

q ewe meg Vv 4Ptras £0250 BFINS i qeateends “ec rwsy hres 





obey ed atl ie Ps be el ny i 4 
(bah Arta Fey are eS Faro rers24 

ANE eeteer sas 7b, preptPte et hed 

3 335A 3. bp Pas <p pet pokene lta 














eae Se he 
Ged ekoegig 
Fi 







S258 1m 24 
PME Ge YG Syeda ne Le Tad 
Re Boru beh eet 





DUDLEY KNOX LIBRARY 
NAVAL POSTGRADUATE SCHOOL , 
MONTEREY, CA 93943-5101 


OUR. EY / NOX LIBRARY 
NAY “MATESCHOOL =. 
NON 35101 








NAVAL POSTGRADUATE SCHOOL 
MONTEREY, CALIFORNIA 





THESIS 


ADRIATIC SEA SURFACE TEMPERATURE: SATELLITE 
AND DRIFTER OBSERVATIONS, MAY TO OCTOBER, 
1995 


by 


Jason A. Vogt 


March 1999 


Thesis Advisor: Pierre-Marie Poulain 
Second Reader: Philip A. Durkee 





Approved for public release; distribution is unlimited. 









Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instruction, 
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send 
comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to 
Washington headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 
22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188) Washington DC 20503. 


2. REPORT DATE 3. REPORT TYPE AND DATES COVERED 
March 1999 Master’s Thesis 


4. TITLE AND SUBTITLE §. FUNDING NUMBERS 
ADRIATIC SEA SURFACE TEMPERATURE: SATELLITE AND DRIFTER 
| OBSERVATIONS, MAY TO OCTOBER, 1995 


6. AUTHOR(S) 
| Vogt, Jason A. 


7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) Oe taniek mene CRORE 


| 
| Naval Postgraduate School NUMBER 
| Monterey, CA 93943-5000 












1. AGENCY USE ONLY (Leave blank) 







L 











| 9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / 
MONITORING 
AGENCY REPORT NUMBER 


| 
| 
| 11. SUPPLEMENTARY NOTES 
| The views expressed in this thesis are those of the author and do not reflect the official policy or position of the Department of 
| Defense or the U.S. Government. 


| 12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE 
| Approved for public release; distribution is unlimited. | 
| 13. ABSTRACT (maximum 200 words) | 


The Adriatic Sea is the northernmost semi-enclosed basin of the Mediterranean Sea and has been the subject of various 
| oceanographic studies since the 19th century. Substantial changes in water properties (such as temperature) and in circulation, both 
spatially and temporally (seasonal) occur as a result of extreme forcings by the local winds and by the fresh water discharge by rivers. 
In recent years, extensive measurements have been made, primarily through remote sensing techniques. In particular, satellite 
| infrared data were used to study the surface thermal features and associated circulation. | 
In order to improve upon previous results, this study focuses on a period of 6 months (May to October, 1995) in which the 
full resolution (1.25x1.25 km) satellite images are used to describe and study the variability of the sea surface temperature (SST) and 
circulation from meso- (days) to seasonal (months) scales. The satellite infrared temperatures are compared to simultaneous and 
{ collocated in-situ drifter temperature measurements. They are corrected by removing biases obtained by regression analysis. The | 
} corrected images are used to produce maps representing daily, three-day, weekly and monthly Adnatic SSTs. Selected SST | 
| composites augmented with drifter overlays disclose important quantitative features of the Adnatic surface waters. The spatial | 
| structure and temporal variability of the surface fields are presented and discussed. | 





= es — 


44. SUBJECT TERMS : | 

Vega 45. NUMBER OF 

| Adnatic, SST, Oceanography, AVHRR, MCSST, Remote sensing | PAGES _ | 

| wo LOY 
16. PRICE CODE | 


| 17. SECURITY CLASSIFICATION OF | 18 SECRRITY CLASSIFICATION OF | 49, SECURITY CLASSIFICATION | Or CRUATION 
| REPORT OF ABSTRACT 


| Unclassified Unclassified Unclassified UL 


“NSN 7540-01-280-5500 in lle «Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Std. 239-18 








DUDLEY KNOX LIBRARY 


NAVAL POSTGRADUATE § 
CHO 
MONTEREY, CA 93943-5104 me 


Approved for public release; distribution is unlimited. 


ADRIATIC SEA SURFACE TEMPERATURE: 
SATELLITE AND DRIFTER OBSERVATIONS, 
MAY TO OCTOBER, 1995 


Jason A. Vogt 
Lieutenant, United States Navy 
B.S., United States Naval Academy, 1991 
Submitted in partial fulfillment of the 
requirements for the degree of 
MASTER OF SCIENCE IN PHYSICAL OCEANOGRAPHY 


from the 


NAVAL POSTGRADUATE SCHOOL 
March 1999 





LEY KNOX LIBRARY 
ABSTRRGI) | POSTGRADUATE SCHOOL 


MONTEREY CA 93943-5101 

The Adriatic Sea is the northernmost semi-enclosed basin of the 
Mediterranean Sea and has been the subject of various oceanographic 
studies since the 19th century. Substantial changes in water properties 
(such as temperature) and in circulation, both spatially and temporally 
(seasonal) occur as a result of extreme forcings by the local winds and 
by the fresh water discharge by rivers. In recent years, extensive 
measurements have been = made, primarily through remote sensing 
techniques. In particular, satellite infrared data were used to study 
the surface thermal features and associated circulation. 

In order to improve upon previous results, this study focuses on a 
period of 6 months (May to October, 1995) in which the full resolution 
(1.25x1.25 km) satellite images are used to describe and study the 
variability of the sea surface temperature (SST) and circulation from 
meso- (days) to seasonal (months) scales. The satellite infrared 
temperatures are compared to simultaneous and collocated in-situ drifter 
temperature measurements. They are corrected by removing biases 
obtained by regression analysis. The corrected images are used to 
produce maps representing daily, three-day, weekly and monthly Adriatic 
Sous. Selected SST composites augmented with drifter overlays disclose 
important quantitative features of the Adriatic surface waters. The 
Spatial structure and temporal variability of the surface fields are 


presented and discussed. 
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I. INTRODUCTION 


The Adriatic Sea is the northernmost semi-enclosed basin of the 
Mediterranean Sea and has been the subject of various oceanographic 
studies since the 19th century. Substantial changes in water properties 
(such as temperature) and in circulation, both spatially and temporally 
(seasonal) occur as a result of extreme forcings by the local winds and 
by the fresh water discharge by rivers. In recent years, extensive 
measurements have been made, primarily through remote sensing 
techniques. These satellite data were used to identify basin-wide and 
Sub-basin scale sea surface temperature (SST) features and associated 
Circulation patterns (Gacic et al., 1997). Limitations in the 
resolution of the thermal maps used (18x18 km in weekly averages) 
resulted in seasonal and monthly comparisons only. 

In order to improve upon previous results, this study focuses on a 
shorter time period, May to October, 1995, which is observed in more 
detail by using satellite images at full resolution of about 1.25x1.25 
km. Additionally, these images were compared and corrected with 
simultaneous and collocated in situ drifter temperature measurements. 
Temperature estimates were compared by performing linear regressions. 
This comparison indicated the multichannel SST algorithms mostly 
overestimated the SST with respect to the in situ measurements. 
Composite images representing daily, three day, weekly, and monthly 
composite maps of the SST in the Adriatic were produced. Images were 
created using raw data, as well as data corrected by removing biases 
obtained from the regression analyses. The thermal composites augmented 
with the tracks of satellite tracked surface drifters, disclose 
quantitative aspects of the surface thermal and circulation fields in 
the Adriatic from the meso- to the seasonal scales. Specifically, the 
addition of drifters provides a presentation of flow speed and direction 
in the thermal field. 

This thesis is organized into five chapters. Chapter II provides 
a detailed background to allow the reader a better understanding of the 
regional characteristics, the basis for this study, and the tools that 
were required to complete it. Chapter III discusses the means with 
which data were collected, organized, manipulated, and presented. The 
complete results of these methods for the time period of May to October, 
1995 are presented in Chapter IV. Discussion, summaries and conclusions 


make up Chapter V. 
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II. BACKGROUND 


This chapter describes the topography, weather, surface thermal 


Structure and Gimeulation®of the Adriaerwe sea: 


A. TOPOGRAPHY 

The Adriatic Sea (Figure 1) is an elongated semi-enclosed ocean 
basin having an average length and width of 783 km and 243 km 
respectively. Its major axis lies in the northwest-southeast direction. 
It is located in the central Mediterranean between the Italian peninsula 
and the Balkans, and is commonly divided into three regions, north, 
middle and south. 

The northern Adriatic is very shallow with an average depth of 
only 70 m. A smooth bottom gradually slopes to 100 m and then drops 
quackly to 200 m just south of Ancona, Italy “Onglse et al., 1992) 7 aethe 
middle component of the Adriatic begins here and ends at the Palagruza 
Sill, a shoal area west of Dubrovnik. The Jabuka Pit, a 280 m deep 
basin, is the prominent bottom topographic feature at the northern end 
of the middle Adriatic (Orlic et al., 1992). The southern Adriatic then 
begins with the Palagruza Sill to the north and ends at the Otranto 
Strait, where the Adriatic Sea meets the Ionian Sea and the rest of the 
Mediterranean. This southern area is steep sided with a maximum depth 
of 1200 m found in its center, known as the South Adriatic Pit. The 
Otranto Strait has a maximum sill depth of almost 800 m, but generally 
is an average of 325 m across the 75 km strait. From here, the bottom 
again deepens as it enters the Ionian Sea (Orlic et al., 1992, Gacic et 
al., 1997). Islands abruptly rise from deep coastal water all along the 
rugged eastern coastline of the Adriatic while regular isobaths parallel 


the western shore (Orlic et al., 1992). 


B. WEATHER 

Because the Adriatic is a semi-enclosed basin, meteorological 
conditions strongly influence its surface temperature and circulatory 
characteristics. The basin is situated between the sub-tropical high 
pressure zone and the mid-latitude or westerly belt, in which 
atmospheric disturbances generally move from west to east. Generally, 
weather systems are dominated by the mid-latitude belt. However, a 
summer subtropical high pressure zone subverts the westerlies 


dissipating most disturbances. Mesoscale atmospheric events such as 


local winds, gravity waves, etc. may modify the regional weather 
patterns on time scales ranging from a few days to a week (Orlic et al., 
1992). 

The high and rocky coastlines in the north and east enhance wind 
effects on the sea surface. Northeasterly dry winds, known as Bora, can 
be quite strong (gusts up to 50 m/s) and mostly occur in winter. These 
Bora events can stir the entire water column over the northern Adriatic 
region, resulting in a vertically homogeneous medium. The southeasterly 
Sirocco winds also dominate the winter months. Etesian winds from the 
northwest blow during the summer months, especially in the south where 


53% of all winds are Etesian. Summer air temperatures range between 22- 
26°C. In the winter the range is from an average of 2°C in the north to 


an average of 10°C in the south (Orlic et al., 1992). Maximum 
precipitation occurs during the late fall and minimum precipitation 
occurs during the summer months. The inland precipitation can exceed 
1000 mm/yr, heightening the importance of river runoff to the general 


Circulation of the Adrratic Sea (Crlveret al., “19SZ)= 


c. SEA SURFACE TEMPERATURE 

The sea surface temperature (SST) of the Adriatic proves to be 
very seasonal in variability. Figure 2 shows the Adriatic Sea surface 
temperature maps for the four seasons derived from 41 years of in situ 


observations (Artegiani et al., 1997). They demonstrate seasonal 
temperature changes of over 10°C due to the heat exchanged with the 


atmosphere and other inputs such as rivers. In winter the temperature 


field exhibits a sharply defined frontal area in the north and along the 
west coast separating cold waters (as low as 8°C) along the coast from 


almost uniformly warm (12-15°C) in the rest of the basin. In summer the 
SST appears more uniform throughout the Adriatic Sea, with smaller cold 
and warm sub-regions developing all through the basin. During 
transition periods between winter and summer smaller spatial structures 
and local thermal front areas have been recognized. During the winter, 
the temperature gradient associated with the fresh and cold water 
discharged by the Po River provides a large-scale frontal area dividing 
the western and eastern parts of the basin along the longitudinal axis 
as far south as the southern Adriatic. Artegiani et al. (1997) 


speculates this offshore frontal area retreats toward the western 


coastlines during the winter, forming a well-defined frontal jet along 
the Italian coast. 

River discharge into the Adriatic basin significantly influences 
the surface thermal and velocity fields, particularly the Po River in 
the north and several rivers along the Albanian coast in the south. 
Maximum runoff occurs in the autumn following heavy precipitation inland 
and in the spring after the snow melts. The annual mean runoff from the 
Po River is 1700 cubic meters per second (Orlic et al., 1992), with no 
other rivers significantly contributing to the Adriatic along the 
northern or western coasts. Rivers along the east coast supply an 
annual mean runoff of 1150 cubic meters per second along the Albanian 
coast (Orlic et al., 1992). The effects of the Po are seasonal with the 
freshwater input bringing much colder water into the basin in the winter 


that brings the northern Adriatic to a temperature colder than the 


Otranto Strait by as much as 5°C (Gacic et al., 1997). This cold water 
spreads along the Italian shore in a well defined coastal layer that can 
be traced as far south as the middle of the southern Adriatic (Figure 
2). As the Po inputs warm through the spring and summer, the cold water 
layer is succeeded by a warm water pool situated in front of the river 
mouth. 

Gacic et al. (1997) provided the first systematic analysis of 
long-term and seasonal variations of the basin-wide surface thermal 
structure of the Adriatic Sea using low-resolution advanced very high 
resolution radiometer (AVHRR) satellite data. A spatial resolution of 
18 km allowed analysis of basin and sub-basin sea surface temperature 
features averaged over monthly and seasonal periods occurring from 1984 
through 1992. The seasonal SST maps derived from the AVHRR data are in 
good agreement with the thermal maps of Artegiani et al. (1997). The 
analysis of AVHRR satellite SST data showed the absence of any permanent 
sea surface thermal features in the Adriatic. Instead, the variability 
of the basin-wide thermal pattern revealed four distinct seasons as well 
as several recurrent features previously assumed to be constant. Hour 
seasons are unique to the Adriatic, where comparison to the eastern and 
western Mediterranean find only two main seasonal patterns present. 

Seasonal elements perceived by Gacic et al. (1997) included the 
south Adriatic SST minimum only being evident in late autumn and early 
winter. Additionally, the surface thermal pattern over the middle 
Adriatic undergoes especially large seasonal variations, changing from a 


local SST maximum in Spring to a minimum in autumn. The warm plume of 


Ionian Surface Water meanders in the southeastern Adriatic and is most 
prominent in autumn. However, the cold coastal layer along the western 
shore is most pronounced in winter, a reflection of the colder Po River 
water spreading along the west coast. Gacic et al. (1997) also 
described the summer surface thermal structure as characterized by 
relatively cold and distinct water patches along the eastern shore in 
the middle and south Adriatic due to coastal upwelling. All of these 
features were found to not only vary from season to season, but also 


from year to year. 


Dd. SURFACE CIRCULATION 

Overall the circulation of the Adriatic is represented by a basin- 
wide cyclonic (counter-clockwise) gyre with northward flow along the 
eastern portion and southward flow along the western coast. Figure 3 
demonstrates this cyclonic surface circulation as exhibited by drifter 
trajectories following the general circulation of the Adriatic during 
the period December 1994 to March 1996 (Poulain, 1999). A wide current 
on the eastern side 1S more pronounced in the winter, while a south 


bound current on the western side dominates the summer months (Orlic et 


al., 1992). Smaller cyclonic gyres are encountered in each of the three 
Adriatic subsections. These smaller gyres are not permanent features, 
but rather can be labeled as seasonal (Poulain, 1999). Topography 


influences the flow, particularly around the Jabuka Pit and the South 
Adriatic Pit. Additionally, the effect of the Po River influences the 
circulation in the Northern Adriatic. Seasonal variations in the wind 
and river runoff as well as high frequency wind forcing and density- 
driven currents and tides (near the northern end of the basin) also 
disturb the mean flow. Poulain (1999) determined mean currents and 
graphically expressed the sub-tidal velocity variance, demonstrating the 
substantial mesoscale and seasonal surface circulation variability 
(Figure 4). 

Thermal infrared images (Gacic et al., 1997) have shown upwelling 
areas in the southern Adriatic. Created by north and northeasterly 
winds, these upwelling events affect the general current pattern causing 
the currents to meander rather than follow the normal north bound 
circulation pattern. Strong, short duration local winds can also alter 
the general flow, although this is not frequently seen (Gacic et al., 
1997; Poulain, 1999). 
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Figure 1. Adriatic Sea coastline and topography. 





Figure 2. Seasonal surface temperature (°C) maps of the Adriatic 
Sea. The contour interval is 0.5°C. The field is plotted for expected 


error less than 30% (from Artegiani et al., 1997). 
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Figure 3. Composite diagram of the low-pass filtered drifter 
trajectories. Star and solid cirle symbols are depicted at the 
deployment and last "good" transmission sites, respectively (from 
Poulain, 1999). 





Figure 4. Map of surface mean currents in 0.25° x 0.25° bins. Gray 
shades indicate regions deeper than 200, 1000, and 1200 meters (from 
Poulain, 1999). 





III. DATA AND METHODS 


A. AVHRR 

The Advanced Very High Resolution Radiometer (AVHRR) on board the 
NOAA satellites is a scanning radiometer with five spectral channels, 
monitoring the visible and near-infrared spectra at 0.62 um, (channel 1) 


and 0.91 um (channel 2), and in the thermal infrared spectrum at 3.74 um 


(channel 3), 10.8 pm (channel 4) and 12.0 um (channel 5). The satellites 


travel at altitudes of about 820 km on near-polar sun-synchronous 


orbits. The AVHRR scan angle is 112°, resulting in a swath width on the 
earth of 2970 km with a ground resolution (pixel size) of 1.1x1.1 km’ at 
the sub-satellite point degrading to 1.5x4.0 km’ at the swath edges 
MrOoulaim et al. 1993). 

The full resolution (1.1 km) AVHRR data are transmitted 
continuously in High Resolution Picture Transmit (HRPT) mode to ground 
stations in view of the satellite. For the time period of this study, a 
receiving station was installed on board the NRV Alliance to collect SST 
images of the Adriatic Sea. Additionally, AVHRR images were collected 
on land at NATO SACLANT Undersea research Centre, La Spezia, Italy 
(Poulain et al., 1998). The data acquisition subsystem was programmed 


to automatically capture all satellite overpasses in view of the ground 


station with a minimum satellite elevation of 20°. 


B. MCSST 

The Multichannel Sea Surface Temperature (MCSST) split window 
equations provided by NOAA can be used to estimate the sea surface 
temperature from the AVHRR radiance data. Split-window indicates the 
use of data specifically from the AVHRR channels 4 and 5 to both 
calculate temperature and correct for atmospheric attenuation due to 
water vapor. The MCSST algorithm is described in McClain et al. (1985), 


and has the form: 
MCSST = a T4 + b (T4 - T5) + c (T4 - TS) (Sec(theta) - 1) +d 


where MCSST is the SST in Kelvin, T4 and T5 are channel 4 and 5 
brightness temperatures in °C, theta is the satellite zenith angle (the 
angle between the local zenith of the pixel and the satellite view path 
to the pixel), a, b, c, and d are linear regression coefficients 


- 


a 


obtained from global drifting buoy temperature measurements. These 
coefficients vary for each satellite and also vary for day versus night 
computations in the case of two of the satellites used in this study. 


The coefficients, provided by NOAA, are listed in Table l. 


ee a 
ES EE CZ 
mon 
_——— 
mT 


Table 1. MCSST Algorithm Coefficients to be used with: 
MCSST = a T4 + 5 (74 — 15) + € (i424 — feliisee\ theta) — 1) yaa 
















Global estimates of accuracy achieved with MCSST algorithms have been 
computed by Strong and McClain (1984). Comparisons with data from ships- 
of-opportunity, moored buoys, and drifting buoys for the period November 
1981 to August 1982 resulted in RMS differences of 1.81, 1.05, and 
0.68°C, respectively. Of the MCSST algorithms, the split-window 
equations provide the greatest accuracy as they do not use channel 3 
data, which can have random noise of 1-1.5°C and is susceptible to solar 
reflection at dawn or dusk. 

The NOAA-9 satellite is no longer used operationally, therefore 
its calibration constants are not maintained up-to-date by NOAA. 
Consequently, NOAA-9 images used in this work may have an offset of 
several degrees compared to the immediately preceding or following NOAA- 
12 and NOAA-14 images (Poulain et al., 1998). 


Cc. DRIFTER DATA 

More than 60 drifters were deployed in the Adriatic Sea by SACLANT 
to study the spatial characteristics and the temporal variability of its 
surface circulation. Most of the drifters were released in the eastern 
side of the Otranto Strait during five deployment episodes (December 
1994, May 1995, Sully 1995, August 1995, and October 1995)— 
Additionally, ten drifters were released in the northern and middle 
Adriatic in May 1995. The drifters provided surface current and 
temperature data from December 1994 to March 1996 (Poulain, 1999). The 
surface drifters used are similar to the one used in the Coastal Ocean 


Dynamics Experiment (CODE) (Davis, 1985). It consists of a one meter 


E2 


long tube with four drag-producing vanes extending radially from the 
tube over its entire length (Figure 5). A small antenna for satellite 
tracking and data transmission is attached on the top of the tube and 
extends about 37 cm above the sea level. A thermistor is embedded in 


the main tubular hull at about 40 cm under the sea level for measuring 
sea surface temperature (SST). The thermistor is calibrated to +0.1°C 


im the range Of =o to 39°C (Poulaimps coe 

The drifters were tracked by the Argos system carried by the NOAA 
satellites. The drifter emits a fixed frequency (401.65 MHz) signal, as 
well as SST and battery voltages, every 90 seconds. For each satellite 
overpass, the drifter location is calculated from the Doppler shift of 
the signal provided by the relative motion of the satellite (accuracy of 
a few hundred meters). 

The raw position and temperature data were edited, objectively 
interpolated and low-pass filtered (Poulain et al., 1996; Hansen and 
Poulain, 1996). Velocity components were then estimated from centered 
finite differences of the interpolated latitudes and longitudes. The 
processed drifter data made available to us consisted of the edited data 
and the smoothed time series of latitude, longitude, SST, and the zonal 
and meridional components of velocity, sampled at uniform six hour 


intervals. 


BD. IMAGE PROCESSING 

The images were originally processed at the University of Hawaii 
Satellite Oceanography Laboratory. Processing included calibration, 
navigation, cloud detection, remapping to a common grid, and production 
of a CD-ROM disk in which these results were published (Poulain et al. 
1998). The processed data includes 664 images over a six month period 
from May to October, 1995 (Figure 6). Each image consists of a 250x750 
pixel representation of the Adriatic. The pixel size is 1.25 km x 1.25. 
These images were rotated 45° counterclockwise and centered at 43°N 16°E 
as shown in Figure 7 (Poulain et al., 1998). 

Detection of clear versus cloud contaminated pixels has a large 
effect on satellite-derived SST accuracy. In order to determine which 
pixels were useful, the data were subjected to a sequence of tests to 
identify and eliminate cloudy areas. Six tests were applied to each 
pixel of the entire domain of every image. The tests are summarized in 
Table 2. 
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Table 2. Cloud Masking Tests. 
























The specular reflection of sunlight on a smooth sea surface 
results in a decreased channel 1 to channel 2 ratio, even for clear 
pixels. Over those areas the channel 3 values are also much larger than 
those of channel 4. This situation could also result from the presence 
of low, warm clouds (fog) or high cirrostratus; it is therefore not 
possible to tell whether such a pixel is clear or cloudy. Consequently, 
the first test flagged all pixels where the sun reflection angle was 
less than 25°, to allow selective use of the fifth and seventh tests. 

The second test compares the calculated MCSST value to those 
expected from the climatology of the region. The SST climatology for 
the Adriatic and Ionian seas issued by the University of Liege, Belgiun, 


was used. The ranges used are: winter, 7.9-17.0°C; spring, 14.6-20.7°C; 


summer, el. 6-26-3:67 mili 14.8-22 56°C. This seasonal cycle was 
interpolated to a fortnightly time step, and the resulting ranges were 
broadened by lowering the minima by 1°C and increasing the maxima by 
Ee 

The third test is based on the variations in temperature due to 
the uneven cloud-top heights of most convective clouds, which are 
detectable when comparing channel 4 brightness temperatures between 
neighboring pixels (called a textural test). To determine pass/fail 
criteria the standard deviation of each 3x3 pixel array was calculated 
and the value recorded at the center pixel. A maximum standard deviation 
of 0.3°C was selected for clear pixels. 

The fourth test uses channel 2 values for a textural test. The 


nonuniform nature of most cloud tops causes variations in reflectance 
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received by the visible and near-infrared channels in daytime. Pixels 
of daytime images with a standard deviation of more than 0.2% albedo 
sas ee 

A fifth test to detect stratiform clouds is based on differences 
between the infrared channels. The three infrared wavelengths have 
different sensitivities to emitted surface radiation, emitted 
atmospheric radiation, reflected solar radiation, and absorption by 
water vapor. In this Mediterranean region of relatively low atmospheric 
moisture, a maximum difference of 3°C between channel 3 and channel 4 
was selected for clear pixels. 

Approximately 50% of the 250x750 image corresponds to land region 
around the Adriatic Sea. These pixels were eliminated using a land mask 
meest 6). 

The seventh test compares the radiance ratio of the visible to 
near-infrared (channels 1 and 2) for those pixels where the mean sun 
zenith angle is less than 80°. Differences between channel 1 and 2 
values are very small for clouds. In contrast, over clear sea surface 
molecular and aerosol scattering result in increased radiance at shorter 
wavelengths. A minimum threshold of 1.35 for cloud~free sea surface was 
selected. 

The data were recorded as black and white GIF images available on 
the CD-ROM disk. Because MATLAB is incapable of reading GIF images, the 
data were converted to XWD binary files. A linear mapping was then 
applied using MATLAB to convert the digital count (0-255) to sea surface 


temperatures in degrees Celsius: 


pyte value = (temperature ndegrce Ceo) nom, 


temperature degree C = (byte value/10) + 5 


The percentage of non-masked pixels in each image (Figure 8) is a 
good measure of its usefulness. The masking that was applied to each 
image uses all seven tests of table 2 and is due to both cloud cover and 
ground masking. Images with approximately 52% of non-masked pixels 
correspond to full thermal fields of the Adriatic basin (no cloud cover 
on the water). 

Passes occurred approximately twice a day for each satellite. 
Figure 9 shows the distribution of images for the satellites occurring 


at roughly the same time each day (near 9 and 21 GMT for NOAA 9, near 6 


1 


and 18 GMT for NOAA 12, and near O and 12 GMT for NOAA 14). 
Additionally, each pass was analyzed for mean, median, maximum and 
Minimum temperature values of the masked images (Figures 10, 11, 12). 


For each satellite, a seasonal temperature variation 1s evident. 


E. DRIFTER VS SATELLITE TEMPERATURE REGRESSION 

In order to determine if any additional corrections were necessary 
to improve the accuracy of the satellite-derived SSTs, a comparison 
analysis was performed between collocated and simultaneous in situ 
edited drifter temperature data and satellite MCSST retrievals for the 
664 images (Figure 13). Bach image time period was compared to more 
than 60 drifter data sets to determine if data existed within ten 
Minutes of the satellite image interval. If there was coincidence 
between a drifter and image time, and the drifter laid within the 
Adriatic Sea, the image was inspected for the cloud-free pixel closest 
tO mehe Grinrter location. When that cloud-free pixel was among the 
closest four pixels, the image latitude, longitude, and SST were 
recorded along with the drifter latitude, longitude, SST and drifter 
identification. If a drifter SST was available but no location was 
available (due to weak signal), the drifter data set was examined to 
determine if the immediately preceding and subsequent data points could 
be utilized to interpolate the drifter position. 

The comparisons were divided into categories defined by the 
satellite that produced the image and time of day, corresponding to the 
5 MCSST algorithms shown in Table l. If corresponding satellite and 
drifter SST points were found, they were plotted in Figures 14 through 
18. Statistical analysis was conducted for each category with results 
listed in Table 3. 
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Table 3. Results of the linear regression analysis: Satellite Vs 
Gdritrter Ssre 
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A linear regression was applied to each group of drifter and 
satellite SST points. The regression curves are plotted on Figures 14 
through 18. Additionally, the regression was “forced” to a slope of one 
to determine the mean differences between the drifter and satellite 


temperatures. The median difference was also estimated. 


Bes COMPOSITING 


Bes One and Three Day Composites 

In order to create composite images, each satellite image was read 
and processed as described above, and then placed into ae three 
dimensional matrix hereafter referred to as the “cube”. The cube has 
dimensions of 250 pixels by 750 pixels by the number of satellite images 
existing during the time period being composed. The cube was then 
manipulated to statistically determine the mean, median, and standard 
deviation at each pixel within the 250x750 region characterizing the 
Adriatic, as well as provide a count of how many images provided cloud 
free data (Figures 19 through 22). 

To better explain the compositing procedure, examples were taken 
from two time periods; middle July and late October, 1995. Figure 8 
shows two relatively clear periods in the data set near days 190 through 
220 and again from 250 to 295. A significant number of images in these 
periods exhibit minimal cloud coverage (roughly 50 to 60% masked 
images). Thus, the compositing examples correspond to ideal conditions 
with mostly clear images. The periods used to describe the one and 
three day compositing technique are 08 July and 20 October, and 08 to 10 
dudyeand 1€sto 20 October. 

Corrections were made to individual images in the cube to reduce 
differences between satellites and time of day, and to improve the SST 
accuracy for each image. The median temperature differences (Table 3) 
were applied to the individual images within the cube. This “corrected 
cube” was then manipulated as before to determine a corrected mean, 
median, and standard deviation (Figures 23 through 26). As expected, 
the count of images remained unchanged from Figures 19 through 22 and 
Bigures #23 through 26. By correcting each satellite image, the 
corrected mean and median values decreased slightly as the images were 
calibrated. The correction caused the temperature standard deviation 


over the composite to decrease. 
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An additional correction was applied to all images in an effort to 
further decrease offsets between images. By determining how many cloud- 
free pixels were common to all images, a direct comparison was made from 
image to image using these corresponding common pixels. The median SST 
over the common cloud-free pixels was retrieved for each image, then the 
median of these medians over the time period considered was computed. 
By applying a correction to each image using the difference between the 
individual image common pixel median and the median of all image common 
pixel medians, the “median of the medians” (Figure 27), a median 
composite was produced with less dependence on any individual image or 
difference based on satellite, SST algorithm, or time of day. Figures 
28 through 31 compare the corrected medians (identical to medians found 
in Figures 23-26) to the “median of medians” correction results. 

It should be noted that the values of Figure 27 do not necessarily 
represent the median temperatures of the composite. Varying numbers of 
pixels common to all images affect the median of the common median 
values. For example, Figure 28 (representing July 08) compares 
approximately 32,000 pixels from each image while Figure 29 (July 08 
through 10) corrects the images based on the median of only two pixels. 
Hence, if no cloud-free pixels are common to all images, no correction 
is made. Figures 30 and 31 are corrected images for October 20 and 
October 18 to 20 using approximately 30,000 and 2200 pixels 
respectively. 

The “median of the medians” composite was used for one and three 
day comparisons during this study, and is summarized in Figure 32. 

Examination of Figure 30 shows the usefulness of the “median of 
the medians” technique. For the most part, the “median of the median” 
method results in small temperature corrections in the final composite 
images. Comparing Figure 30a to 30b demonstrates slight differences in 
composites created from the same images, particularly what appears to be 
a front in the southern Adriatic running across the basin (A). Figure 
30c shows the same line across the Adriatic (A), but as a result of a 
satellite pass not including the entire southern basin. The difference 
provided by compositing four versus five images leaves the appearance of 
a possible thermal front where none exists. The “median of the medians” 
allows a correction to be made to each image with respect to the other 
images. By correcting the composite with the “median of the medians”, 


features unique to a single image can be reduced or eliminated in the 
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composite, providing a better “undistorted” combination as seen in 


Figure 30b. 


26 Weekly and Monthly Composites 

Composites were also created for time periods of seven days and 
for each month of the data set. The composites were obtained in the 
same manner described for the one and three day compositing, with the 
exception of the omission of the “median of the medians” technique. 
Because the likelihood of finding common cloud-free pixels in all images 
compared for periods of a week or more is small, weekly and monthly 
compositing only corrects the individual images with the mean difference 
(Table 3) and simply combines the image. Figure 33 graphically shows 
the steps taken to complete the weekly and monthly composite images, 
while Figures 34 and 35 present the results for weekly and monthly 


compositions. 
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Figure 5. Schematic diagram of the surface drifter used. The 
drifter design is similar to the CODE drifter. 
producing vanes provide adherance to the water whereas a small 


antenna protrudes above sea level for satellite tracking and 


Four drag- 


SST data transmission (from Poulain, 1999). 
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Figure 6. Time distribution of the 664 AVHRR images (images per day) 
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Figure 7. Attitude of Adriatic Sea images 
(rotation and location of 250 x 750 enid). 
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Figure 8. Percentage of masked pixels for the cloud/land-masked images 
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NOAA 09 Image Distribution 
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Figure 9. Time distribution of AVHRR images (GMI time of day (hours) 


vs. time of year, for each satellite). 
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NOAA 09 Images 
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Figure 10. (a) Maximum and minimum temperature values for NOAA 9 images. 


(b) Mean and median temperature values for NOAA 9 images. 
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Figure 11. (a) Maximum and minimum temperature values for NOAA 12 


images. (b) Mean and median temperature values for NOAA 12 images. 
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Figure 13. Flow diagram for determining contemporaneous/collocated 
drifter and satellite SSTs. 
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Figure 15. Same as Figure 14 but for NOAA 12 (Day). 
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Figure 16. Same as Figure 14 but for NOAA 12 (Night). 
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Figure 17. Same as Figure 14 but for NOAA 14 (Day). 
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Figure 18. Same as Figure 14 but for NOAA 14 (Night). 
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Figure 27. Median temperatures for each of the images (computed over 


the common pixels only) and "median of medians" temperature during 


the time periods considered. (a) July 8, 1995, (b) July 8-10, 1995, 


(c} October 20,4975, 


(d) October 18-20, 1995. 
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Figure 28. For July 8, 1995; (a) median of satellite corrected images. 


(b) “Median of medians” correction to (a). (c) Count of images used. 
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Figure 29. Same as Figure 28, but for three-day period (July 8-10, 


7295) 
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Figure 30. Same as Figure 28, but for October 20, 1995. 
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Figure 31. Same as Figure 28, but for three-day period (October 


(e=20;, 


1995). 
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1 and 3 day Image Compositing Flow Diagram 
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Figure 32. 1 and 3 day composite images flow diagram 
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Weekly and Monthly Image Compositing Flow Diagram 
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Figure 33. Weekly and monthly composite images flow diagram. 
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Figure 34. Composite based on data corrected by median difference 


for September 19- 
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Figure 35. Same as Figure 34, but for June, 1995. 
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IV. RESULTS 


The compositing methods described in Chapter III were applied to 
Many time periods (from one day to one month) between May and October, 
1995. Here only selected composite images, eventually augmented with 
drifter trajectories, are presented to describe the temporal (seasonal) 
and spatial (basin to meso-scale) variation of the Adriatic Sea surface 


temperatures. 


oe MONTHLY COMPOSITES 

The period covered allows a clear look at three of the four 
seasons similar to those defined in previous studies of the Adriatic, 
i.e., May and June for spring, July and August and early September for 
summer, and late September and October reflecting autumn (Artegiani et 
al.; 1997, Gacic et al., 1997). In each image, the Adriatic SST is 
represented with a color scale whose minimum and maximum values are 
adjusted for each month to best exhibit differences in water masses. 

Figure 36a demonstrates the spring characteristics in the month of 
May. The developing warm water region in the Northern Adriatic travels 
along the Italian coastline while the southern and middle basins remain 
cold. The eastern shelf in the southern Adriatic grows warmer through 
the spring, possibly from intrusion from the Ionian Sea. This allows 
the region along the Albanian coast to maintain higher temperatures than 
the western coastal waters and the rest of the basin. 

As summer progresses from June to August (Figures 36b,c,d) the 
region in front of the Po river continues to warm and expand to cover 
most of the northern basin. The temperature range of the basin has 
risen from an approximate low of 19°C in June to a high of nearly 27°C 
in July and August. A warm pool that begins in the southern basin grows 
as the season proceeds, and eventually migrates to the west toward the 
end of the summer. The exception to this basin wide warming trend 
occurs along the entire eastern coast. While the majority of the 
Adriatic SST rises, a narrow region of upwelling becomes apparent during 
the summer months, keeping the temperatures 2-3°C cooler. 

As autumn begins, warmer waters remain along the southern basin 
near both the eastern and western coastlines while cold water masses 
develop in the middle and southern Adriatic basins (Figures 36e,f). The 
temperature matches that of the Ionian Sea, making the possibility of a 


water mass intrusion from the south a possibility. Concurrently, the 


2h 


northern end of the basin experiences a heat loss to the atmosphere 
making it significantly cooler than the rest of the sea. The season 


change iS apparent as the absolute temperatures drop to a range of 17 to 


Zac The beginning of the winter time Po induced cold coastal plume 
found by Gacic et al. (1997) can also be seen@engectober (Figure 36tiT 
Because data were only available from May to October, 1995, there 


is no representation of the winter season. 


S. WEEKLY COMPOSITES WITH DRIFTER TRACKS 

The weekly composites representing the 24 weeks of this study are 
displayed in Figures 37 through 44. For each week, the spatial mean SST 
was determined and removed from the SST eStimates. Variations around 
this mean were normalized by the standard deviation and were color coded 
with a fixed color scale over the range -3 to +3. This representation 
eliminates the mean seasonal variations over the Adriatic basin and 
provides an optimum enhancement of the images in which thermal gradients 
are well represented by strong color variations. Additionally, the 7- 
day long tracks of simultaneous surface drifters were overlaid on the 
composites to show the direction and strength of the surface currents. 
Drifters tracks appear as black lines with stars at the start of the 
week and circles at the end. 

The spatial mean and the standard deviation interval of the weekly 
composite temperatures are plotted in Figure 45. The general warming of 


the sea is obvious between May and August, followed by a slower cooling 


from AUQUS Gaetonm OeGromer . Maximum warming rates of more than 2°C/week 


occur at the end of May and in early July. The standard deviation 


varies from 0.6°C (middle May) to 1.3°C (early September). 

The week of May 9-15 (Figure 37a) shows a cold basin in the spring 
(mean SST = 15.9°C) with reduced variance. However, it is apparent that 
the northern Adriatic is warming, possibly due to the inflow of the Po 
river or to local solar heating of the shallow water. Likewise the 
southern Adriatic is warmer than the mean, but the lack of drifters 
precludes us from determining the source of the warming, and we can only 
speculate it is due to springtime solar heating. 

May 16-22 (Figure 37b) continues warming the northern coastlines 
with the Po water as a cyclonic circulation begins to appear in the 
northern Adriatic. Temperatures continue to rise in the south, where a 


large number of drifters have been released in the Otranto Strait. 


fd 


By the end of May (Figure 37c) the mean SST has risen to over 17°C 
and the warm influence of the Po river is definitely seen working down 
the western coastline. A cold region remains in the south while the 
Albanian coast stays several degrees warmer than the mean SST. The 
drifters in the Otranto Strait released in the previous week are slowly 
spreading in several directions. 

The first indication that the summer season is beginning occurs in 
the week of May 30 to 5 June (Figure 38a) as many of the Otranto 
drifters begin to rapidly move north along the eastern coastline as the 
southern Adriatic warms, due to solar heating. The shallow northern 
basin also continues to heat up because of a combination of solar 
heating and warmer Po inputs. This warm pool is separated from the 
cooler water to the south by a sharp thermal front along which the 
drifters move rapidly in the northeast and north directions. Again, the 
mean SST continues to rise to nearly 20°C. A narrow south bound stream 
can be observed in the vicinity of the Gargano peninsula as seen in the 
moderate speed of the coast-hugging drifter as compared to the nearby 
slower north-bound drifter. Throughout May, several drifters have had 
little motion while other drifters in the vicinity have shown good 
mobility. 

During June 6-12 (Figure 38b), a cold Gore” regicoaeis apparen: in 
the middle Adriatic as indicated by the lower temperature anomaly. The 
temperature gradient along the Albanian coast appears to be intensifying 
as the drifters have continued to move north along the front with 
increased velocities. 

The drifters that had been progressing north along the Albanian 
coast appear to stay on the thermal front while moving toward the middle 
of the southern basin during the week of 13-19 June (Figure 38c). 

June 20-26 (Figure 39a) shows the beginning of reversing 
southbound mean circulation on the Albanian shelf. A high velocity 
southward-flowing stream affects the drifters off the Po delta in the 
merth: As the summer begins, a lower SST anomaly prevails along the 
Croatian coast, possibly due to upwelling processes. 

Progressing from June to July (Figure 39b), the mean SST remains 
about 22.2°C, but the higher anomaly temperature regions seem to be 
growing in the Po river mouth and the Albanian coast, possibly due to 
warm river inputs and solar heating respectively. The relatively warm 


waters on the Albanian shelf move southward following an event of 
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northerly Etesian winds (Poulain, 1999). Une drifters along the central 
and southern Italian coast move to the south. 

The period of July 4-10 (Figure 39c) shows a dramatic increase in 
the narrow, swift current running south along the western coastline. 
All drifters close to the coast have Significantly increased velocities! 
The SST anomaly shows more signs of upwelling occurring on the eastern 
shores. 

Upwelling becomes a very prominent feature in the week of July 11- 
17 (Figure 40a), as seen in the low SST anomaly along the eastern coast 
from Istria to the Otranto strait created by upwelling processes. Cold 
upwelled waters are on the eastern flank of the Otranto strait due to 
the effects of the northerly winds. Other drifters in the basin 
continue to follow the swift outbound current along the southern Italian 
Coase 

As the summer continues into July 18-24 (Figure 40b), the northern 
basin is significantly warmer than the rest of the Adriatic due to the 
Warm inputs of the Po river. This is evident in the fast southbound 
drifter along the coast. The warm Po plume can be seen as far as in the 
central basin where it is limited by an east/west thermal front, also 
delineated by the drifter tracks. The upwelling now appears to be the 
prominent feature along the Croatian and Albanian coasts, while the 
drifters continue to move south in the southwestern Adriatic. 

During the week of July 25-31 (Figure 40c) a new set of drifters 
were deployed in the eastern Otranto Strait. Drifters previously in the 
basin show the persistent southern flowing current along the Italian 
coast. The SST anomaly demonstrates strong upwelling north and south of 
the Istrian peninsula. The cold water is advected off shore and form 
two plumes or filaments that move across the basin, resulting in strong 
thermal fronts. Upwelling also dominates in the eastern Otranto Strait. 

The upwelling in the eastern Adriatic during the week of August l1- 
7 (Figure 41a) is by far the dominating forcing. The northern front 
that began the previous week has now stretched across the entire basin, 
and the southern basin upwelling controls the paths of the drifters. 
The upwelled water on the Albanian shelf moves northward on the south 
and southward on the north side, resulting in a convergence and offshore 
flowing filament of cold water, ending in a “mushroom” shape near the 
center of the southern Adriatic. A narrow southbound current continues 


along the Italian coast. The maximum mean SST is also found during this 


week, with a temperature of 26.4°C. 
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August 8-14 (Figure 41ib) continues to show the summer upwelling 
and associated thermal fronts. 

Despite an increase in cloud cover with respect to previous weeks, 
many of the features seen in previous weeks continue to be present 
during August 15-21 (Figure 41ic). The outflow along the Italian coast 
remains in place and is verified by a coast-hugging drifter, while other 


drifters show some trace of cyclonic circulation in the southern basin. 


The mean SST has notably dropped to 24.9°C. 

The end of August (22-28) (Figure 42a) shows a new release of 
drifters in the Otranto Strait which are moving consistently into the 
Adriatic Sea, demonstrating a fairly strong inflow into the basin. 
Drifters previously in the basin continue on paths along the coastlines 
iiimord Meyclorie direction. The SST anomaly appears to be reducing 
throughout the basin, but this is likely due to the comparison with the 
relatively warmer, late summer Ionian waters at the Otranto Strait. 

Strong currents dominate the Otranto Strait and Albanian shelf 
during the week of August 29 to September 4 (Figure 42b) as seen by the 
increased velocities of both the inbound and outbound drifters. We may 
be seeing a change of season as the upwelling, while still present south 
of the Istrian peninsula, is less influential on the circulation of the 
sea. Autumn brings the intrusion of the Ionian waters, pushing not only 
the drifters, but also a warm stream up the Albanian coast. Late August 
and early September (Figures 42a,b,c) are characterized by a strong 
cyclonic gyre circulation in the southern basin. The water near both 
coasts is relatively warmer than the cold center of the gyre. The 
relative warming near the southern Italian coast is presumably due to 
the solar heating of the shallow waters. 

During the week of September 5-11 (Figure 42c) drifter velocities 
Maintain high speeds along the coast. The drifters remain caught up in 
the warmer waters, refusing to cross the front. 

The weeks of September 12-18 (Figure 43a) and September 19-25 
(Figure 43b) exhibit more of the same circulation, with drifters moving 
quickly along the Croatian coastline following the warm water intrusion 
from the Ionian. During this time, the drifters that had been slowly 
moving around the south basin have now joined the northward flow of the 


Other drifters. The Northern Adriatic appears to continue to cool, and 
the mean SST is now about 22°C. 


By the week of September 26 to October 2 (Figure 43c), the 


drifters escaped the warmer water and move in several different 
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directions, as the warm coastal layer is widening. The northern most 
drifter has turned south along the Italian coast, while others have 
turned to the west at various locations in the basin. The temperature 
of Ionian water remains significantly higher, but the basin continues to 
cool into autumn: 

The October 3-9 period (Figure 44a) exhibits two distinct sides to 
the central and southern Adriatic: a continued warm side along the 
Albanian and Croatian coasts pushing drifters north, and a colder, wider 
region taking the center and Italian half of the basin. Many drifters 
move along the front between the two regions. Into October 10-16 
(Figure 44b), the drifters move toward the cooler section and turn 
Suen. The cold coastal flow along the Italian coast has intensified 
and the outflow of the Adriatic is much larger than the outflow of 
previous months. For the first time in months the mean SST has dropped 
below 21°C. Additionally, another drifter release occurs in the Otranto 
Strait during this week. 

The final week of this study (October 17-23, Figure 44c) shows a 
strong shear in the Otranto Strait with warm inflow to the east and a 
cold outflow to the west. The change of current direction corresponds 
remarkably to the sharp temperature front near the center of the strait. 
During October it becomes apparent that the outflow is significant as 
the warm Ionian water is now being replaced by the colder outflowing 
Adriatic. The Po river is again influencing the SST, with indications 
of much colder temperatureS appearing in the north and close to the 
Italian coastline. 

Figure 46 compares the weekly mean temperature at specific points 
throughout the Adriatic basin. The Po river mouth, near the Istria 
peninsula, near the Gargano Peninsula, off the Albanian coast, and both 
the east and west sides of the Otranto Strait are observed (Figure 46a) 
in presentations grouped by the north, middle, and extreme southern 
Adriatic. The Po river 1S warmer than the northern basin for much of 
the spring and summer, as seen in Figure 46b. However, as autumn begins 
the colder inputs of the river drop the temperature below the values 
encountered near the Istria peninsula. Likewise, the temperatures at 
the Gargano peninsula and Albanian coast fluctuate with season (Figure 
46c). The Albanian coast is warmer in the spring (solar heating) and 
autumn (Ionian inflow), but much cooler than the Gargano peninsula 
waters during the summer due to the upwelling along the eastern side of 


the Adriatic. The temperature differences across the Otranto Strait can 
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be attributed to upwelling events along the eastern coast and to the 
shear between the surface flows in and out of the Adriatic. Like the 
Gargano/Albania comparison, the east side 1S warmer in the spring and 
autumn due to local heating and Ionian inputs, but the summer months 
bring colder upwelled waters that decrease temperature below that of the 


west side of the Otranto Strait. 


Cy. SELECTED 3 DAY AND 1 DAY COMPOSITES WITH DRIFTER TRACKS 

The composite satellite images were used along with the drifter 
data to describe the mesoscale surface variability in the southern 
Adriatic and Otranto Strait areas. Two periods with drastically 
different regimes were chosen, one in July dominated by upwelling 
processes near the eastern coast and one in October in which the inbound 
and outbound transports through the Otranto Strait are substantial. [In 
order to provide the most accurate thermal fields during the periods 
considered, the satellite composite images were offset so as to minimize 
the difference between the satellite and smoothed drifter temperatures 
over the periods. Even though the images were already corrected (see 
Chapter III E) based on global statistics, a better calibration of the 
composite temperature values can be obtained by a local analysis. For 
the periods considered (either 1 or 3 days) and for the southern 
Adriatic and Otranto Strait region, the low-passed filtered drifter 
temperatures were compared to composite values at the drifter positions. 
The comparison statistics are presented in Table 4. The images presented 


in Figures 47 through 54 have been corrected by the mean difference. 
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Table 4. Comparison statistics between smoothed drifter and composite 
















satellite SSTs in the southern Adriatic and Otranto Strait region. 
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be Period 8-10 July 1995 

The daily (Figures 47 to 49) and the 3-day (Figure 50) composite 
thermal images reveal a situation dominated by strong upwelling events 
along the Albanian coast. The cold (19-20°C) upwelled water progresses 
offshore in the form of filaments extending westward or southward from 
specific fixed locations along the coast. These locations generally 
correspond to capes and peninsulas where the upwelling dynamics are 
favored. Northerly winds (mostly Etesian) are triggering these events. 
The daily sequence of images and the corresponding drifter displacements 
show the evolution of the mesoscale structure of two cold filaments in 
the Otranto Strait. In particular the southernmost filament develops a 
mushroom shape in a few days. Extended upwelling is seen to develop on 
10 July (Figure 48) further to the north on the Albanian shelf. The 
cloud cover on the subsequent day preclude the description of its 
evolution. 

On the other side of the basin, rather strong southeastward 
currents carry the relatively warm surface Adriatic water along the 
Italian coast and out of the basin on the western side of the Otranto 
Serait . The surface temperature is about 24-25°C. No. structural 
difference is seen over the 3-day sequence. 

The 3-day image (Figure 50) is a mean representation of the above 
structures. The outflow of warm water is obvious along the Italian 
coast and through the western flank of the Otranto Strait. The cold 
upwelling structures near the southern Albanian coast (eastern Otranto 
Strait) are also well represented. In contrast, the sudden upwelling 
occurring on 10 July to the north is blended with the warmer conditions 
of the previous days. This is a situation in which daily images are 
necessary to describe the mesoscale structure of these rapidly evolving 


phenomena. 


2. Period 17-19 October 1995 

The surface thermal field for the period 17-19 October (Figures 
51 to 54) is somehow reversed with respect to the July situation. 
Relatively cold (~20°C) water is outflowing along the Italian coast and 
through the western Otranto Strait. Speeds are of the same order of 
magnitude as in July (about 25 km per day or about 20-30 cm/s). On the 
other side of the Strait and on the Albanian shelf there is a strong 
inflow of warm Ionian surface water. The horizontal transport of 


surface waters across the strait is thus substantial and highly sheared. 


58 


The daily sequence of images discloses the evolution of mesoscale 
instability features across the thermal front separating the warm Ionian 
and cold Adriatic waters. On 17 October (Figure 51), some of the 
drifters show a cyclonic (counter-clockwise) movement around a small 
(~10 km) cold eddy that had probably pinched off from a frontal 
instability at previous times and had penetrated the warm waters. Just 
to the south, we see the birth of a new instability with intrusion of 
cold water into the warm environment. On subsequent days (Figures 52 
and 53), the meander develops into a parcel of cold water that 
eventually will detach from the front. On 19 October, a second meander 
has formed just north of the parcel. The drifter motion in the vicinity 
indicates strong shear of the horizontal currents, necessary conditions 
to create meanders and parcels through barotropic instability of the 
mean circulation. 

A warm feature iS apparent in the northeast of the southern 
Adriatic off the Montenegro coast. Although its formation mechanisms 
are unclear, the feature is seen to propagate to the northwest with the 
prevailing mean surface circulation. 

The 3-day composite image (Figure 54) delineates the main features 
of the surface thermal fields, but the details of the fast evolving 
instabilities are blurred. This is a further evidence that, to describe 
the mesoscale features in the Adriatic, full spatial resolution and 


temporal averaging over a maximum of one day are necessary. 
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Figure 36. SST composite images for (a) May, 1995, (b) June, 1995, 
(eo) July, 1995. 
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Figure 36 continued. SST composite images for (d) August, 1995, (e) 
September, 1995, (f) October, 1995. 
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(a) 
9-15 May 1995, mean SST = 15.8895, standard deviation = 0.5947 
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3§ 09 May 1995, mean SST = 17.4262, standard deviation = 1.1056 
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Figure 37. Weekly composite images for (a) May 9-15, 1995, (b) May lo- 
22, 1995, (c} May 23-29, 1995. The spatial mean was removed and the SST 
anomaly was normalized by the standard deviation. Weekly drifter 
trajectories are superimposed, with star (circle) symbols at beginning 
(end). 
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(a) 
30 May — 5 June 1995, mean SST = 19.9077, standard deviation = 0.84128 
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Figure 38. Same as Figure 37, but for (a) May 30 - June 5, 1995, (b) 
June 6-12, 1995, (¢c) June 13-19, 1995. 
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(a) 
20-26 June 1995, mean SST = 22.2509, standard deviation = 0.69065 
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Figure 39. Same as Figure 377 but for (a) June 20-26,, 1995, (b) June 27 
sv uuly 3, 1995) ((C) duty s4e10, 1995. 
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(a) 
11-17 July 1995, mean SST = 25.6391, standard deviation = 0.65876 
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Figure 40. Same as Figure 37, but for (a) July 11-17, 1995, (b) July 18- 
2A, 1995, eC) ult y 2o-31,.L995R 
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(a) 
1-7 August 1995, mean SST = 26.3958, standard deviation = 0.95818 
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(b) 
8-14 August 1995, mean SST = 26.141, standard deviation = 0.90707 
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Figure 41. Same as Bigqure 37 bur for (a) sAuguse 1-7, 1995, (6b) Auguste 


S-14, 1995;° (ee Augusta, el oS. 
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(a) 
22-28 August 1995, mean SST = 24.9545, standard deviation = 0.81175 
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(b) 
29 Aug - 4 Sep 1995, mean SST = 23.1024, standard deviation = 1.3223 
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(c), oat 
5-11 September 1995, mean SST = 22.6274, standard deviation = 1.2156 
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Figure 42. Same as Figure 37, but fon (a) August 22-2676 7G5 se oocuSe 
29 - September 4, 1995, (c) September 5-11, 1995. 
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(a) 
12-18 September 1995, mean SST = 22.5157, standard deviation = 1.1324 
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(b) 
19-25 September 1995, mean SST = 21.9991, standard deviation = 1.0672 





0 100 200 300 400 500 600 700 
(c) 
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Figure 43. Same as Figure 37, but for (a) September 12-18, 1995, (b) 
September 19-25, (4995 se mcepeember 26 —"Cectober a2, 995. 
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(a) 
3-9 October 1995, mean SST = 20.9295, standard deviation = 0.83941 
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(b) 
10-16 October 1995, mean SST = 20.4404, standard deviation = 0.72448 
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(ce) 
17-23 October 1995, mean SST = 20.0644, standard deviation = 0.81648 
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Figure 44. Same as Figure 37, but for (a} October 3-9, 1995, (b) October 
BO=16; 1995.7. 1c), -Octoper 1/-23,) 1395. 
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Figure 45. Spatial mean and standard deviation interval of the weekly 


temperature composites over the Adriatic Sea. 
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Figure 46. Comparison of weekly mean temperatures at (a) Po River, (b) 
Istria Peninsula, (c) Gargano Peninsula, (d) Albanian Coast, (e) Otranto 


Strait (western boundary), (f£) Ottanto Strait (castermebouncoe 
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Figure 47. “Median of medians” composite in the southern Adriatic and 

Otranto Strait region with simultaneous drifters overlaid for period 


July 8, 1995S Sirifterstrechs over the same etmenwane overlaid, with stan 


(circle) symbols at beginning (end). 
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Pigure 48 .. Same as Figure 47, but foreguly 9719905. 
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Figure 49. Same as Figure sy; soutetor July 10.) 1995. 
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Figure 50. Same as Figure 47, but for July 8-10, 1995: 


Ve 


17 October 1995 





250 ' ——E_ : 
0 50 100 150 200 250 


SST (°C) 
19 20 o1 22 23 


m™. 


Figure 31, Same asi Pigume J 7 but for October 177.1905. 
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Figure 52. Same as Figure 47, but for October 18, 1995. 
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Figure 53. Same as Figure 47, but for October 19, 1995. 
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17-19 October 
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Figure 54. Same as Figure 47, but for October 17-19, 1995. 
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V. DISCUSSION AND CONCLUSIONS 


This study has focused on a period of 6 months (May to October, 
1995) in which the full resolution (1.25x1.25 km) satellite AVHRR images 
were used to describe and study the variability of the Adriatic sea 
surface temperature and circulation from meso- (days) to seasonal 
(months) scales. The satellite infrared temperatures were compared to 
Simultaneous and collocated in situ drifter temperature measurements. 
They were corrected by removing biases obtained by regression analysis. 
The corrected images were used to produce maps representing daily, 
three-day, weekly and monthly Adriatic SSTs. Selected composites 
augmented by drifter overlays disclosed important quantitative features 
of the Adriatic. 

For the period of May to October, oo Dy the seasonal 
characteristics found were similar to those discovered in previous 
studies. The warming in springtime of the Po river area and along the 
Albanian coastline is consistent with Gacic et al.(1997). However, 
Gacic et al. reported a warm gyre over the middle Adriatic that is not 
apparent in this study, possibly due to the short duration (6 months) of 
this study compared to the 8 year study previously undertaken. 
Similarly, the summer season finds features discovered in previous 
studies present in our own data, with colder waters upwelling along the 
eastern coastlines and cyclonic gyres forming in the middle and southern 
Adriatic as summer and autumn progress. While the majority of the 
seasonal features persist between studies, the timing varies from one to 
another. Artegiani et al.(1997) determines the summer season lasts July 
to October while Gacic et al.(1997) concludes July, August and September 
comprise the summer. As the features change with season, our results 
suggest seasons consisting of a spring that lasts from May to June, a 
summer from July to only the end of August, and autumn commencing in 
September. This may be a conclusion unique to this study because only 6 
months of data were used. Transition from the summer regime with warm 
water to the west and cold water to the east to the autumn/winter regime 
with opposite thermal gradients occurs between September and October, a 
month earlier than the results of Gacic et al.(1997). A temperature 
minimum is evident in the center of the southern Adriatic in September. 
The middle and southern basins are already split by a longitudinal 
thermal gradient in October (vs. in November in Gacic et al., 1997). 


The maximum temperature in the Jabuka Pit area in spring is not 
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substantiated by our observations. However, the warm (anti-cyclonic) 
feature north of the Jabuka Pit 1s evident in October in both Gacic et 
al.'s. (1997) and our results: 

Weekly composites, augmented with surface trajectories, reveal 
Sub-basin and mesoscale features in the surface waters of the Adriatic. 
The combination of SST anomaly and drifters demonstrated such features 
as coastal upwelling, thermal fronts, river runoff, sub-basin gyres, and 
frontal meanders. While these features may have been found by either 
method of observation, they were enhanced by the combination of SST 
composites and drifters. 

Mesoscale structures require short time (1 to 3 day) averaging 
combined with full spatial resolution. Comparison of l-day and 3-day 
composites to weekly composites show the difference short term 
compositing can make in the evolution of features. Weekly and monthly 
composites show upwelling is the primary event occurring in the southern 
Adriatic during the month of July, but without the relatively small time 
period, features such as cold upwelling filaments extending into the 
Otranto Strait would be missed as individual thermal events. Drifter 
displacements confirm the uniqueness of the filaments and their 
progression over short times. Likewise, the southbound cold water 
parcel is invisible in October monthly and weekly composites, 
demonstrating the necessity of short term (1 to 3 day) compositing to 
study mesoscale structures. 

Blending of satellite thermal data and in situ drifter 
measurements provide an optimum representation of the surface 
temperature and circulation fields. The drifter data used in this study 
enabled us to correct (or calibrate) the satellite infrared temperatures 
allowing the creation of thermal maps with no systematic bias and a RMS 
accuracy of less than 1°C. On the other hand, the shape and evolution 
of the SST patterns provides a qualitative spatial extension of the 
drifters current measurements, Supporting the observation that 
temperature can be considered as a tracer that is advected by the 
currents. This is apparent in the remarkable agreement between drifter 


displacements and the evolution of surface thermal features. 
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VI. RECOMMENDATIONS 


Application of similar AVHRR image processing for a longer period 
of time in the Adriatic and other regions of the Mediterranean Sea is in 
OEGer. Extending the time period covered to a year and even multi- 
years, this method will provide the most accurate description of the 
Adriatic surface dynamics at scales ranging from tens of km and days 
(mesoscale) to the basin size (hundreds of km) and years. 

Additionally, it is recommended that future studies calibrate 
satellite images with contemporaneous/collocated drifter data in other 


semi-enclosed seas to improve accuracy of the surface thermal fields. 
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